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Formation of interfacial network structure via photocrosslinking in carbon fiber/epoxy composites
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Abstract. A series of diblock copolymers (poly(n-butylacrylate)-co-poly(2-hydroxyethyl acrylate))-b-poly(glycidyl
methacrylate) ((PnBA-co-PHEA)-b-PGMA), containing a random copolymer block PnBA-co-PHEA, were successfully
synthesized by atom transfer radical polymerization (ATRP). After being chemically grafted onto carbon fibers, the photosensitive methacrylic groups were introduced into the random copolymer, giving a series of copolymers (poly(n-butylacrylate)-co-poly(2-methacryloyloxyethyl acrylate))-b-poly(glycidyl methacrylate)((PnBA-co-PMEA)-b-PGMA). Dynamic
mechanical analysis indicated that the random copolymer block after ultraviolet (UV) irradiation was a lightly crosslinked
polymer and acted as an elastomer, forming a photo-crosslinked network structure at the interface of carbon fiber/epoxy
composites. Microbond test showed that such an interfacial network structure greatly improved the cohesive strength and
effectively controlled the deformation ability of the flexible interlayer. Furthermore, three kinds of interfacial network
structures, i) physical crosslinking by H-bonds, ii) chemical crosslinking by photopolymerization, and iii) interpenetrating crosslinked network by photopolymerization and epoxy curing reaction were received in carbon fiber/epoxy composite,
depending on the various preparation processes.
Keywords: polymer composites, random copolymers, interfacial network structure, photo-crosslinking

1. Introduction

Toughening of carbon fiber/epoxy composites has
attracted a long-standing attention [1–4]. One of the
most effective methods is by coating the carbon
fibers with a ductile polymeric material to modify the
mode of failure and thus the potential energy absorbing capacity of their composites [5–7]. However,
many researches showed that thin coatings were
finite in toughening the composites whereas thick
coatings resulted in the reduction of composite
strength and modulus [8, 9]. In our previous study
[10–13], similar results showing that the prolongation of the flexible blocks increased the thickness of
the flexible layer and as a result the interfacial shear

strength decreased due to the low cohesive strength
and modulus of the flexible chains, were also
obtained. Therefore, achievement of a ductile interlayer that has both high cohesive strength and large
deformation capacity is one of the most effective
methods to toughen the CF/epoxy composites without any significant loss in strength of the composite.
There are various approaches to improve the strength
and modulus of polymers. For instance, as we known,
the strength of polymer is mainly reflected in the
chemical bond of the main chain and the intermolecular force, and thus to increase the polarity of the
polymer or generate hydrogen bond may improve
the strength of the polymer. Secondly, the introduc-
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tion of the rigid polymer chain groups (such as
phenyl, etc.) or increasing the degree of branching
of the molecular chain will increase the strength of
a polymer to some extent. In addition, the polymer
chains with a suitable crosslinking can effectively
increase the intermolecular forces, consequently
avoiding the relative slippage of the molecular chains.
As the degree of crosslinking increases, the deformation of the molecular chain will be reduced. Therefore, in this way, cohesive strength and deformation
ability of polymers can be effectively controlled.
Among the physical and chemical crosslinking methods [14, 15], photo-crosslinking exhibits considerable advantages, including mild reaction conditions, minimum byproduct formation, absence of
potential toxic catalysts and initiators and easily controlled processing [16]. Consequently, in recent years
there has been an increasing interest in utilizing
photo-crosslinking as a means of biomaterial preparation in the field of medicinal and biomedical science [17–21]. However, to our knowledge, introduction of photosensitive materials into the interface
between carbon fibers and resin matrix has never
been reported.
In our previous study [13], we designed a series of
diblock copolymers poly(n-butylacrylate)-b-poly
(glycidyl methacrylate) (PnBA-b-PGMA) and introduced them into the interface between carbon fibers
and epoxy resin. The assembly behavior of the
grafted diblock copolymers at the interface was
proved to be that the flexible PnBA block, having
poor compatibility with the resin matrix, forms the
interfacial flexible layer on the fiber surfaces, while
the other block PGMA can react with the epoxy
resin and stretch into the matrix. The introduction of
the flexible layer could uniformly disperse the stress
at interface, decrease the stress concentration, relax
the residual stress and improve the toughness of the
composites. However, when the PnBA block was too
long, large deformation of the flexible layer would
lead to easier interfacial slippage or damages due to
the low cohesive strength and modulus of the PnBA
block, resulting in the decreased interfacial shear
strength.
Therefore, in this paper, we aim to improve the cohesive strength and modulus of the flexible chains and
consequently control the deformation ability of the
flexible interlayer through the formation of the
interfacial network structure via photo-crosslinking. Following our previous consideration, we design

and synthesize a diblock copolymer (poly(n-butylacrylate)-co-poly(2-hydroxyethyl acrylate))-bpoly(glycidyl methacrylate) ((PnBA-co-PHEA)-bPGMA) by atom transfer radical polymerization
(ATRP). On one hand, the hydroxyl groups of the
PHEA moieties in the flexible blocks can react with
the functional groups on carbon fiber surfaces. On
the other hand, the photo-crosslinkable groups (such
as methacrylic groups, cinnamic groups, etc.) can be
introduced into the flexible blocks by reacting with
the hydroxyl groups. Additionally, by adjusting the
molar ratio of nBA/HEA, the introduced amount of
hydroxyl groups and thus the photo-crosslinkable
groups can be controlled. With the introduction of
such photo-crosslinkable groups into the interface,
an interfacial network structure can be received
under the ultraviolet (UV) irradiation. Afterwards,
microbond test was employed to estimate the formation of the interfacial network structure in carbon fiber (CF)/epoxy resin composite.

2. Experimental section
2.1. Materials
The resin used in this study was the two part E51(618)/T-31 epoxy system, provided by Shanghai
Resin Factory Co. Ltd. Carbon fibers (CFs) (T70012K) were purchased from Toray Industries, Inc.
N,N,N!,N!,N"-pentamethyldiethylenetriamine
(PMDETA, Aldrich, 99%), #-Bromoisobutyryl bromide (Aldrich, 98%), 2-Hydroxyethyl acrylate (HEA,
Aldrich, 96%), and methacryloyl chloride (TCI Co.,
Ltd, 80%) were used as received. n-Butyl acrylate
(n-BA Shanghai Lingfeng Chemical Reagent Co.,
Ltd, AR grade) and glycidyl methacrylate (GMA
Shanghai Yuanji Chemical Co., Ltd, AR grade) were
purified by passing through a neutral aluminum
oxide column, distilling under reduced pressure and
then keeping in the presence of 4 Å molecular sieve
prior to use. CuBr (Sinopharm Chemical Reagent
Co., Ltd, AR grade) and CuCl (Sinopharm Chemical
Reagent Co., Ltd, AR grade) were purified by washing with glacial acetic acid, followed by absolute
ethanol and ethyl ether and then dried under vacuum.
Toluene (Aldrich, 99.8%) and triethylamine (TEA,
Aldrich, 99%) were dried over calcium hydride
(CaH2) and then distilled under reduced pressure.
Cyclohexanone (Shanghai No.1 Chemical Plant,
AR grade) was also distilled under reduced pressure
before use.
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2.2. Polymerization procedures
2.2.1. Synthesis of diblock copolymer
(PnBA-co-PHEA)-b-PGMA
The diblock copolymer (PnBA-co-PHEA)-b-PGMA
was synthesized in two steps by atom transfer radical polymerization (ATRP), which depicted in Figure 1.
In a typical procedure, the random copolymer PnBAco-PHEA was first synthesized. The monomers of
HEA and nBA dissolved in cyclohexanone were
charged in a three-neck round-bottom ﬂask (250 mL),
followed by adding the catalyst CuBr and ligand
PMDETA with a ratio of 1:1. After being degassed
and back-filled with nitrogen three times, the solution became a stable complex under a continuous
stirring. Then the initiator EBriB was injected in it
via a syringe, simultaneously immersed in a thermostated water bath of 70°C to initiate the polymerization. When the polymerization was stopped, the
polymer solution was diluted with THF, passed
through a column of neutral alumina to remove Cucatalyst. After concentrated and precipitated twice
in ether, and once more in methanol/water (1:1), the
random copolymer Br-terminated PnBA-co-PHEA
was dried under vacuum and then used as macroinitiator to initiate the polymerization of diblock
copolymers.
Second, the diblock copolymer (PnBA-co-PHEA)b-PGMA was synthesized in a similar manner to the
polymerization of PnBA-co-PHEA, except Br-terminated PnBA-co-PHEA was used as the macroinitiator, CuCl as the catalyst, GMA as the monomer
and n-hexane as precipitator. After the polymerization was conducted in a 30°C water bath for 3 h, the
diblock copolymer was purified in a similar way to

that described for the random copolymer Br-terminated PnBA-co-PHEA.
2.2.2. Synthesis of copolymer PnBA-co-PMEA
To study the ability of the copolymer PnBA-coPHEA to introduce photosensitive groups and subsequent photopolymerization upon UV irradiation,
copolymers poly(n-butylacrylate)-co-poly(2-methacryloyloxyethyl acrylate) (PnBA-co-PMEA) were
prepared as follows: first, the as-prepared copolymers Br-terminated PnBA-co-PHEA, dissolved in
toluene, and excess anhydrous TEA were charged
into a 500$mL, three-necked, round-bottom flask,
which was cooled at 0°C in ice water. Then methacryloyl chloride, diluted with dry toluene, was added
dropwise under a nitrogen environment. The reaction mixture was kept stirring at room temperature
for 2 days, followed by filtering carefully to remove
triethylamine hydrochloride salt. After being concentrated and precipitated twice in n-hexane, the endproduct was finally dried under vacuum overnight
at 40°C. The synthetic illustration of PnBA-coPMEA was shown in Figure 1.

2.3. Treatment of carbon ﬁbers
2.3.1. Pre-treatment of carbon ﬁbers
The carbon fibers as received were first extracted
with acetone and petroleum ether in a Soxhlet apparatus for 24 h respectively, and then dried under
vacuum at 60°C, denoted as CF0. Then, the chemical oxidation of CF0 was performed by refluxing in
nitric acid (HNO3) for 5 h at 100°C. The end-product was finally washed with distilled water to neutral PH, and dried under vacuum overnight at 60°C,
named CF-COOH.

Figure 1. Synthetic routes of the copolymers (PnBA-co-PHEA)-b-PGMA and PnBA-co-PMEA
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2.3.2. Grafting of diblock copolymers onto CFs
The as-prepared CF-COOH was immersed in thionyl
chloride and stirring at 70°C for 24 h. The residual
thionyl chloride was removed by reduced pressure
distillation, giving acyl chloride-functionalized CFCOCl. Then, 2.4 g (PnBA-co-PHEA)-b-PGMA dissolved in 120$mL anhydrous dioxide was added
immediately. The reactor was degassed under vacuum and back-filled with pure nitrogen for three
times, and elevated temperature to 90°C. Finally,
CFs grafted with diblock copolymer (PnBA-coPHEA )-b-PGMA were taken out after 48 h, and
extracted with acetone in a Soxhlet apparatus for 48 h
to remove the physisorbed copolymers. After dried
under vacuum overnight at 40°C, the grafted endproduct was denoted as CF-PHEA. The typical
grafting procedure was described as Figure 2.
2.3.3. Methacrylic functionalization of
copolymers
A dried round bottom made-to-order reactor equipped
with stirrer and pressure equalizing addition funnel
was charged with 0.5 g CF-(PnBA-co-PHEA)-bPGMA and 150 mL of dry toluene. After stirring for
15 min to mix uniformly under nitrogen atmosphere,
1.2 mL of triethyl amine were added in under continuous stirring. Subsequently, 0.5$mL methacryloyl
chloride, diluted with 25 mL of dry toluene, were
added dropwise to the reactor. After reacting at room
temperature for 2 days under nitrogen atmosphere
and continuous stirring, the CF-(PnBA-co-PMEA)b-PGMA was obtained and named CF-PMEA. The
schematic illustration of the preparation of CF-

PMEA was shown in Figure 2. After that, the samples of CF-PMEA were extracted with THF in a
Soxhlet apparatus for 24 h, and then dried under
vacuum overnight at 40°C before use.
2.3.4. UV irradiation
The random copolymers PnBA-co-PMEA were first
dissolved in THF and uniformly coated on glass
slide. After solvent evaporation, the films of the random copolymers adhered to glass slide, were exposed
to a 1000 W high-pressure mercury lamp (LT-101,
Blue Sky UV and IR Techmology Development Co.)
with a distance of around 10 cm for a certain time.
The carbon fibers grafted with diblock copolymers
(PnBA-co-PMEA)-b-PGMA were divided into two
groups to subject to UV irradiation. One was first
incorporated with epoxy resin and cured, then subjected to UV irradiation, denoted as curing-crosslinking samples; the other was first subjected to UV
irradiation and then incorporated with epoxy resin
and cured, named as crosslinking-curing samples.
The samples were subjected to UV irradiation in a
similar manner with that of the random copolymers.

2.4. Preparation of the microbond testing
samples
The detail of the preparation of CF/epoxy micro-composite for microbond test was same as that used in
our previous study [22].
2.5. Instrument and measurements
Fourier transform infrared (FTIR) spectra of samples
were recorded on a Thermo Electron Corporation

Figure 2. Schematic illustration of grafting block copolymer onto CF and subsequent methacrylic functionalization of the
grafted copolymers
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Nicolet 5700. The block copolymers were ground
with potassium bromide (KBr) and pressed into
pieces before FTIR test. CFs grafted with copolymers was recorded by attenuated total reflection of
Fourier transform infrared spectroscopy (ATRFTIR) using Ge crystal plate and Smart iTR accessory.
1
H-NMR spectra were recorded in deuterated acetone using a Bruker DSX 300 MHz spectrometer
with the typical acquisition parameters.
A twice-detector gel permeation chromatography
(GPC), equipped with an refractive index detector
(Wyatt Technology Corp., Optilab REX) and a multiangle static laser light scattering detector (Wyatt
Technology Corp., DAWN HELEOS), was used to
determine the absolute molecular weight and molecular weight distribution of diblock copolymers. The
GPC was operated at a normal flow rate of
1 mL/min at 45°C, DMF with 0.05M LiBr used as
eluent.
Scanning electron microscopy (SEM) was applicable to investigate the surface morphology of the carbon fibers. Samples were fixed to a platform with
conductive tape, vacuum-dried and sputtered with
gold. Images were taken on a HITACHI S-4800
scanning electron microscopy, operating at 15 kV.
A TA DMAQ800 dynamic mechanical thermal analyzer (USA) was employed to test the glass transition temperature of samples. The random copolymers were loaded into the lower tray of powder
clamp used in conjunction with a dual cantilever
clamp, and then placing the upper cover plate on top
of the sample. After the filled clamp was installed,
the test was performed from –60 to 80°C at 3°C/min
with constant oscillation amplitude of 20 µm and
frequency of 1 Hz.
The microbond test was performed on a YG004A
Electronic single fiber tensile strength tester, provided by Changzhou No.2 Textile Machinery Co.
Ltd. The interfacial shear strength (IFSS) was calculated as in the literature [23] and more than 30
specimens were successfully tested for each composite.

3. Results and discussion
3.1. Structure characterization of copolymers

Figure 3 shows the FTIR spectra of the obtained
copolymers PnBA-co-PHEA and (PnBA-co-PHEA)b-PGMA. The absorption peaks at 2960 and
2870 cm–1 represent the alkane C–H stretching vibra-

Figure 3. FTIR spectra of copolymers PnBA-co-PHEA and
(PnBA-co-PHEA)-b-PGMA

tions. The characteristic peak at 3430 cm–1 is
assigned to the characteristic absorption of –OH
group. The strong characteristic peak at 1730 cm–1
is attributed to the C=O stretching vibration. The
absorption peaks at 1165 and 1070 cm–1 correspond
to the characteristic absorption of C–O group. These
characteristic absorption peaks suggested that the
monomer nBA and HEA were involved in the ATRP
copolymerization. Furthermore, comparing with
PnBA-co-PHEA, the FTIR spectrum of (PnBA-coPHEA)-b-PGMA exhibited the characteristic peak of
the epoxy ring at 909 and 841 cm–1, indicating the
successful synthesis of the block copolymer (PnBAco-PHEA)-b-PGMA by ATRP.
The structure of the copolymer PnBA-co-PHEA was
also characterized by 1H-NMR. Based on the composition of copolymers determined by 1H-NMR, the
reactivity ratio of HEA/nBA monomer pair is estimated to be rHEA = 1.505 and rnBA = 0.894 by KelenTüd%s method, which has been reported in our previous paper [24], suggesting that the PnBA-coPHEA was random copolymers. Therefore, there is
a uniform random distribution of hydroxyl groups in
PnBA-co-PHEA and thus the photosensitive groups
in copolymer PnBA-co-PMEA after the esterification of hydroxyl groups with methacryloyl chloride,
which may reduce the phenomenon that the local
crosslinking density is too large during the formation of the interfacial crosslinking network.
The absolute molecular weights and molecular
weight distributions of the synthesized copolymers
were determined by GPC. The RI traces of GPC of
PnBA-co-PHEA and (PnBA-co-PHEA)-b-PGMA
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Table 1. Molecular weights, distributions and molar ratio of nBA/HEA of the synthesized random copolymers PnBA-coPHEA
Random copolymers
(PnBA-co-PHEA)190
(PnBA-co-PHEA)220
(PnBA-co-PHEA)300
(PnBA-co-PHEA)310
(PnBA-co-PHEA)320

—
Mn, GPC
[g/mol]
23 400
28 470
37 410
40 910
40 260

Figure 4. The RI traces of GPC of copolymers PnBA-coPHEA and (PnBA-co-PHEA)-b-PGMA

were presented in Figure 4, and the calculated values for random copolymers PnBA-co-PHEA were
listed in Table 1. It can be seen that both GPC traces
of the random copolymer and block copolymer in
Figure 4 are unimodal, and their molecular weight
— —
distributions is relatively narrow (M w/M n), as seen
in Table 1. A series of random copolymers of various
polymerization degrees and molar ratio of nBA/
HEA were successfully synthesized. Besides, the
eluent time for block copolymer is smaller than that
of the random copolymer, and the peak of the block
copolymer is shifted toward higher molecular
weight position in Figure 4, indicating that the random copolymers can further initiate the polymerization of GMA monomers to prepare some kinds
of block copolymers. Furthermore, the polymerization degree of GMA can be calculated from the
absolute molecular weight and is about 100~110 for
all the diblock copolymers.

3.2. Surface analysis of carbon fibers
The ATR-FTIR spectra of CF0 and CF-PHEA are
shown in Figure 5. Compared to CF0, some new
peaks of ester (–C=O, 1730 cm–1), ether (–C–O–C,
1165 and 1070 cm–1) and epoxy ring (909 and

—
Mw, GPC
[g/mol]
31 920
33 940
53 600
53 760
54 060

— —
Mw/Mn
1.36
1.19
1.43
1.31
1.34

Molar ratio of
nBA/HEA
160:30
160:60
260:40
210:100
160:160

Figure 5. ATR-FTIR spectra of CF0 and CF-PHEA

841 cm–1) that are all the characteristics of pure
(PnBA-co-PHEA)-b-PGMA (Figure 3) appeared in
ATR-FTIR spectra of CF-PHEA, indicating that
(PnBA-co-PHEA)-b-PGMA chains have been successfully grafted onto CF surfaces.
It can be also seen from SEM micrographs of CFs
(see Figure 6) that, the CF0 desized the commercial
coatings has a relatively smooth surface (Figure 6a),
whereas for the grafted CF, there are a few polymers deposited on the fiber substrate, resulting in a
rough surface as shown in Figure 6b. Since the CFs
were thoroughly washed by acetone to remove the
physisorbed polymers after the grafting reaction, it
would be reliable to conclude that the block copolymer (PnBA-co-PHEA)-b-PGMA was successfully
chemically-grafted onto carbon fiber surface.

3.3. Photo-crosslinking of random copolymer
PnBA-co-PMEA
To study the ability of the random copolymer
PnBA-co-PHEA to introduce photosensitive groups
and subsequent photopolymerization upon UV irradiation, the copolymer PnBA-co-PMEA was synthesized and initiated photopolymerization. Figure 7
shows the 1H-NMR and ATR-FTIR spectra of the
random copolymer PnBA-co-PMEA.
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Figure 6. SEM micrographs of CF0 (a) and CF-PHEA (b)

Figure 7. (a) 1H-NMR spectrum of random copolymer PnBA160-co-PMEA40; (b) ATR-FTIR spectra of copolymers PnBAco-PMEA before and after UV irradiation

It can be found from Figure 7a that the peak of the
methylene protons adjacent to the hydroxyl groups
in random copolymer PnBA-co-PHEA at 3.8 ppm
[24] completely disappeared. The peak (a) at 1.9 ppm
is assigned to the methyl protons in methacrylic
(MA) groups, while the peak (b1 + b2) at 4.0 ppm is
due to the methylene protons adjacent to the MA
groups. From the intensity of the two isolated and
sharp peaks, we could accurately calculate their
molar ratio to be 3/3.96, which is extremely close to
that when the hydroxyl groups in PHEA moieties
are totally substituted by the MA groups (3/4). Thus,
it can be concluded that methacrylic functionalization of the random copolymer PnBA-co-PHEA,
giving PnBA-co-PMEA, was completed under the
reactive condition in this study.
The ATR-FTIR spectra of random copolymers
PnBA-co-PMEA before and after UV irradiation

are shown in Figure 7b. Compared with the FTIR
spectrum of PnBA-co-PHEA (see Figure 3), the characteristic peak at 1636 cm–1 attributed to stretching
vibration of the double bonds in methacrylic groups
was observed, indicating the successful esterification of methacryloyl chloride with hydroxyl groups
of the random copolymer PnBA-co-PHEA. After
UV irradiation, the infrared absorption intensity at
1636 cm–1 of methacrylic double bonds in copolymer PnBA-co-PMEA decreased. This is attributed
to the photopolymerizationof the methacrylic double bonds upon UV exposure, reported by many
researchers [25–28] and schematically shown in
Figure 8. Consequently, the content of methacrylic
double bonds in PnBA-co-PMEA copolymers significantly reduced, corresponding to the decreased
absorption intensity at 1636 cm–1 as illustrated in
Figure 7b.
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Figure 8. Schematic illustration of photopolymerization of copolymers PnBA-co-PMEA

The glass transition temperatures (Tg) of the copolymers PnBA160-co-PHEA160 and PnBA160-coPMEA160 were evaluated by DMA and shown in
Figure 9. It was found that all of the copolymers
exhibited a single glass transition peak, conforming
to the characteristic of the random copolymers.
Compared to PnBA-co-PHEA, PnBA-co-PMEA
that introduces MA groups, had no obvious increase
in the glass transition temperature, only shifting from
–27.7 to –26.2°C. This suggested that the photocrosslinkable copolymer PnBA-co-PMEA retained
the good flexibility of the random copolymer block.
However, after UV irradiation, the transition loss
peak decreased in intensity, broadened, and shifted
to higher temperature of –16.5°C, which is the characteristic of crosslinking reaction and indicates the
formation of the crosslinked network structure by
the photopolymerization reaction [29]. It is noted
that the glass transition temperature is still below
zero temperatures, implying that the random copoly-

Figure 9. DMA curves of various copolymer samples
(a) PnBA-co-PHEA; (b) PnBA-co-PMEA without UV irradiation; and (c) PnBA-co-PMEA after
UV irradiation for 30 min

mer block after UV irradiation is a lightly crosslinked polymer and acts as an elastomer.

3.4. Formation of interfacial network
structure
3.4.1. Physical crosslinking by H-bonds
Undoubtedly, the interfacial molecular structure can
significantly determine the mechanical properties
of interface region such as strength and modulus
etc. and thus the bonding of fiber-interface region
and interface region-matrix. Therefore, interfacial
adhesion strength may be, in some cases, a response
to interfacial molecular structure as matrix and fiber
are fixed. In this paper, we first measured the interfacial shear strength of CF-PHEA/epoxy and CFPMEA/epoxy micro-composites, respectively to
investigate the variation of the interfacial molecular
structure.
Figure 10 showed the IFSS results of epoxy resin
micro-composites reinforced with different CFs.
Due to the increased oxygen-containing functional
groups on CF surface by oxidation, the IFSS value
of CF-COOH composite increase d from 29.8±2.8

Figure 10. Influence of surface modification on the interfacial shear strength of CF/epoxy micro-composites (260:40, 210:100 and 160:160 are the molar
ratio of nBA/HEA or nBA/MEA in the grafted
copolymers with the same length of PGMA)
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Figure 11. Illustration of the formation of the interfacial
network structure crosslinking by H-bonds

to 34.9±1.4 MPa, in consistent with the results of our
previous study [13]. Furthermore, with the introduction of diblock copolymers (PnBA-co-PHEA)-bPGMA or (PnBA-co-PMEA)-b-PGMA into the interface, the interfacial adhesion of the composites was
further improved, partly resulting from that the
PGMA blocks in diblock copolymers can be involved
in the curing reaction of the epoxy matrix. On the
other hand, the existence of the interfacial flexible
layer, forming by the other blocks PnBA-co-PHEA
or PnBA-co-PMEA, can effectively transfer loads
through its deformation and chain-movement, contributing to the increased IFSS values in CF-PHEA
and CF-PMEA composites.
It was noted that all the IFSS values of CF-PHEA/
epoxy composite are higher than those of the corresponding CF-PMEA/epoxy composite as illustrated
in Figure 10. For CF-PHEA/epoxy composite, since
the PHEA moieties in the grafted diblock copolymer contain many hydroxyl groups, it is easy to form
the H-bonds between the PHEA moieties in the
flexible layer (see Figure 11) [30]. It can be also
reflected from the result in Figure 10 that the Tg of
PnBA-co-PMEA is only slightly higher than that of
PnBA-co-PHEA. It is supposed to be that the substitution of MA groups (methacrylic double bonds)
for hydroxyl groups can strongly increase the Tg of
PnBA-co-PMEA, but this effect is partly offset by
the destroy of the H-bonds due to the disappearance
of hydroxyl groups. However, in the CF-PMEA/
epoxy composite, the interfacial structure without
crosslinking possesses low cohesive strength and
modulus, although PnBA-co-PMEA has higher Tg
than that of PnBA-co-PHEA. Thus, the formation
of the interfacial network structure in CF-PHEA/
epoxy composite, crosslinking by H-bonds, improved
the strength and modulus of the flexible layer to a

certain extent, and thereby the interfacial shear
strength.
Furthermore, we can see that with an increase in the
molar units of PHEA in the random copolymer
PnBA-co-PHEA from 40 to 100 and 160, the IFSS
value had a slight decrease. This indicates that the
hydroxyl groups in PHEA moieties prefer to forming the H-bonds between each other, rather than
being involved in the curing reaction of the epoxy
resin in the presence of the PGMA blocks, because
if the hydroxyl groups tend to involve in the curing
reaction, the increase in the molar units of PHEA
will be beneficial to the improvement in the interfacial adhesion. The slight decrease in IFSS resulted
from that the total length of the flexible chain
increased from 300 (PnBA/PHEA = 260:40) to 310
(PnBA/PHEA = 210:100) and 320 (PnBA/PHEA =
160:160). A more significant trend to decline was
observed in the CF-PMEA/epoxy composite due to
the destruction of the physical crosslinking by Hbonds. The increase in the total length of the flexible chain resulted in the larger deformation and interfacial slippage or damages, and thus the IFSS value
of the CF-PMEA/epoxy composite decreased more
significantly and from 40.15±1.4 to 38.3±1.5 MPa
and 36.0±1.4 MPa.

3.4.2. Crosslinking by chemical bonds
In this section, the carbon fibers grafted with diblock
copolymers (PnBA160-co-PMEA160)-b-PGMA were
subjected to UV light for irradiation before and
after being incorporated with the epoxy resin, respectively. The fibers that were first incorporated with
epoxy resin and cured, then subjected to UV irradiation, are denoted as curing-crosslinking samples;
while those with the treatment steps contrary to the
above ones are named as crosslinking-curing samples. During the UV irradiation, the PMEA moieties
in the grafted copolymers reacted with each other, as
discussed in section 3.3, resulting in the crosslinking of flexible layer by chemical bonds. The IFSS
values of the CF-PMEA/epoxy resin composites
after UV irradiation for different time (15 and 20 min)
through the two processes, respectively, are presented in Figure 12.
For the curing-crosslinking samples, the random
copolymers PnBA-co-PMEA assembled into many
hemispheres to form a perfect interfacial flexible
layer on carbon fiber surface due to an entropic
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Figure 12. Effect of photo-crosslinking on IFSS of carbon
fibers grafted with diblock copolymers (PnBA160co-PMEA160)-b-PGMA/epoxy resin composite

repulsion during the curing process of the composite (see Figure 13) [10]. In this case, the unreacted
low-molecular-weight epoxy resin and curing agent
would be very hard to enter into the assembled flexible layer during the following process. Therefore,
such an interfacial assembled structure that can
release stress and uniformly transfer load, was perfectly retained after UV irradiation, resulting in the
obviously increased interfacial shear strength, from
36.0±2.1 to 44.5±2.0 MPa for 15 min and
47.4±2.1 MPa for 20 min. However, since the molecular movement of the assembled hemispheres was
difficult, the photo-crosslinking reactions between
the PMEA moieties may tend to occur inside the
isolated hemispheres. Thereby, the crosslinking
between the hemispheres is less than the crosslinking inside the hemispheres, resulting in the crosslinked flexible interlayer with a regularly latticed
distribution of crosslinking degree. Such an interfa-

cial crosslinked structure can preferably retain the
whole deformation ability of interface, but may
lead to the local over-crosslinking inside the hemispheres as the crosslinking reaction proceeding.
When the carbon fibers were first irradiated with
UV light, the PMEA moieties in the grafted copolymers reacted with each other, forming the crosslinking networks in the flexible layer, which could be
very difficult to reassemble in the following compounding process with epoxy resin. In this case, the
grafted diblock copolymers, existing in a single
chain, had strong motion ability before UV irradiation, beneficial to the crosslinking reaction and consequently the improvement of the crosslinking
degree of the flexible blocks. Furthermore, due to the
low molecular weight of the unreacted epoxy resin,
some of the matrix polymer chains and the curing
agent could diffuse into the photo-crosslinking network in the curing process. Therefore, the interfacial photo-crosslinked network and the epoxy cured
network would form an interpenetrating crosslinked
network structure in the interface region as illustrated in Figure 13. Such an interfacial network structure possesses high strength and modulus, which
will benefit for the load transfer at the interface.
Therefore, the interfacial adhesion between carbon
fiber and epoxy resin was strongly enhanced, corresponding to the results (as seen in Figure 12) that
the IFSS value sharply increased to 47.4±2.1 MPa
after UV irradiation for 15 min, and 49.3±1.4 MPa
for 20 min.
However, it should be noted that for the CF-PMEA/
epoxy composite with the crosslinking-curing
process, because of the formation of the interpenetrating crosslinked network and especially the small
deformation ability of the epoxy crosslinked network, the whole deformation of the interfacial layer
could be dramatically reduced, and thus the interfacial toughness of the composite may be decreased
accompanying with the improvement of the interfacial adhesion.

4. Conclusions

Figure 13. Illustration of the formation of the interfacial network structure crosslinking by chemical bonds

In this study, a series of diblock copolymers (PnBAco-PHEA)-b-PGMA containing one flexible random copolymer block PnBA-co-PHEA were successfully synthesized by ATRP. On one hand, the
hydroxyl groups of the PHEA moieties in the flexible blocks can react with the functional groups on
carbon fiber surfaces. On the other hand, the photo514
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crosslinkable MA groups can be introduced into the
flexible blocks by reacting with the hydroxyl
groups. Due to the existence of the hydroxyl groups
in the PHEA moieties, an interfacial network structure crosslinking by H-bonds was formed. While
with the introduction of the photo-crosslinkable
MA groups into the interface, an interfacial network
structure crosslinking by chemical bonds was
finally received by UV irradiation before (cross linking-curing) and after (curing-crosslinking) CF
incorporated with epoxy resin.
Microbond test showed that the formation of the
interfacial network structure via photo-crosslinking
greatly improved the cohesive strength of the flexible blocks, corresponding to the increased Tg, and
thus effectively retained the whole deformation
ability of the flexible interlayer. Furthermore, due
to the formation of the interpenetrating crosslinked
network structure between the photo-crosslinking
network and the epoxy crosslinking network in the
crosslinking-curing process, which possesses high
strength and modulus and thus benefit for the load
transfers of the interface, the interfacial properties
of the CF/epoxy composites cured by the curingcrosslinking process and by crosslinking-curing
process were slightly different. Consequently, the
interfacial shear strength increased from 36.0±2.1
to 40.5±2.5 MPa for the interfacial network structure crosslinking by H-bonds, 47.4±2.1 MPa for
20 min UV irradiation in the curing-crosslinking
process, and 49.3±1.4 MPa in the crosslinking-curing process.
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